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Magnetic Domain Morphology in
multi-layered [4 Å Co/ 7 Å Pt] thin films
Jeremy Metzner
August 15, 2017
Abstract
A [Co (4 Å) /Pt(7 Å)]50 thin film was studied to determine the morphological behavior of the magnetic
domains as a function of the magnetic history. A remanent study was performed to find the maximum
domain density by analyzing the number of domains as a function of the previously applied magnetic
field. These results were compared to those of a descending magnitude magnetic series. From these
results a study was performed to determine if the domain density could be further increased. This was
done by reapplying the optimal field to enhance the maximum domain density. An in-situ magnetic field
was also used to determine the evolution of the magnetic morphology along a few magnetic loops that
were applied.

1

Introduction

Previously [Co/Pt] thin films of varying thickness have been studied to determine how domain density could
be optimized [1]. These materials exhibit perpendicular magnetic anisotropy (PMA) which makes them an
ideal candidate for magnetic memory applications due to the formation of small bubble and stripe like domains. The previous study showed that a peak density was observed when applying magnetization loops of
descending magnitude and subsequently taking magnetic images at remanence. In this study one thickness
sample was used to find the maximum possible domain density when applying ascending magnitude magnetization loops, in comparison to the descending magnitude magnetization loops.
It has been shown that the domain shape for this Co(4Å) sample can be affected by the magnetic history and there will be a peak density, but the morphology remains in a primarily striped, maze like pattern.
This maze pattern consists of long bright stripes interlaced with dark stripes.This sample also exhibits zero
remanence meaning the magnetization of the sample near the zero field point is practically zero and we
expect the surface area of the reverse and aligned stripe domains to be equal. Previous studies show that the
domains that are reverse to the applied magnetic field increase in density near the saturation point for the
particular sample. .
The results produced in this study were compared to those of a previous one in which the magnetic field
values that were applied descended from a high field (9 T) value to zero; where as this study started at no
field applied and went to 9 T. The attempt was to determine if there was any biased behavior in the sample
depending on the direction the study was performed in.
Further studies were carried out to determine if the maximum domain density could be further increased
by pumping the sample at the optimal field value. After the conclusion of these studies an ”in-situ” study
was performed, for which the domains was imaged while the sample was subject to a magnetic field. This
study allowed us to directly see the evolution of the domain pattern throughout the hysteresis loops and get
a better understanding of why we see a peak in the domains density at a given optimal field value.

2
2.1

Method
Material

The sample we studied was a multi-layered thin film that consisted of [Co (4 Å) /Pt(7 Å)]50 multilayers
deposited on Si wafers with a 200 Å Pt buffer layer and covered by a capping layer of 23 Å of Pt. This
corresponds to 50 layers of interchanging Co and Pt where in this sample the Co layers are 4 Å each and
the Pt is 7 Å. This particular thin film exhibits perpendicular magnetic anisotropy (PMA) which develops
due to the interface of the Co and Pt and the shape anisotropy of the layers.

2.2

Imaging techniques

In order to determine the domain density in our sample, images of the surface were taken exclusively using
an atomic force microscope (AFM) with magnetic imaging capabilities, called magnetic force microscopy
(MFM). The AFM operates by hovering a fine metal tip to near touching distances of the surface of our
material and oscillates the tip near resonance. A laser light is shined onto the tip and reflected into a photodiode which records the deflections induced by the van-der waals and electrostatic forces. The surface
topography can then be reproduced line by line. In order to achieve the magnetic image, the tip is magnetized by placing it on top of a permanent magnet and then during imaging, it is lifted to a distance where
the atomic forces are no longer interacting strongly. The data collection is of the phase of the tip for which
the the magnetic forces alter the tip.

2.3

Magnetometry

In order to study the effect of magnetic history for our thin film, a vibrating sample magnetometer (VSM)
is used to apply an external magnetic field.In The VSM, the sample is placed between superconducting
magnets and the vibrations induce a change in magnetic flux which can be used to calculate the magnetic
moment of the sample as a function of the applied field. Vibrating the sample is what allows for us to
reproduce the hysteresis curves mentioned in this paper. The sample is run through many loops ranging
from 500 Oe to 90,000 Oe with the sample being imaged after each successive loop. After the peak density
for this particular sample was found the VSM was used to pump the optimal field value by applying the
given value for the peak 5 separate times to see if the domain density where the peak occurred would
continue to increase.

2.4

In-Situ Study

The remanent study did not allow us to study domain morphology along the branch of the hysteresis curves,
so an in-situ setup was created using the MFM. In order to perform this study the MFM was used again, but
with a different stage and the utilization of permanent magnets. The arrangement of magnets we used had
a peak magnetic field of 3800 Oe when right beneath the sample. The stack of the permanent magnets was
placed on a metal stage with a micro-meter control in order to create a variable field by altering the z-stage
height. The height was calibrated before each run to determine the z-height for certain field values at the
location of the sample. Four separate loops were used on the sample with many field values being imaged.
Images were taken for the ascending and descending part of the loop, but only the positive half. The images
become difficult to capture in stronger magnetic fields because the tip starts to be affected by the magnets.

3
3.1

Results
Remanent Study

The magnetization loops and magnetic images are shown in Figure 1.From the magnetization loops, the
saturation point for the 4 Åsample is clearly seen at Hm = 3000 Oe. Above the saturation point the loop is
referred to a major loop and a discrepancy between the ascending and descending branch of the loops can
be seen easily. In this study loops were applied in a ascending series with Hm being brought from a zero
field point to 9 T with images being taken after each loop. The shown images were taken at a few selected
field values Hm = 2,400 ; 2,900 ; 3,600 ; and 4,000 Oe. The 4Å sample does not exhibit a distinct transition
from stripe to bubble domains, but the domain density actually does exhibit a sharp peak below saturation,
where the number of domains increases dramatically. Density plots were produced for two different image
sizes, 5 µm and 10 µm respectively. Both of these plots can be seen in Figure 2. The density plot is shown
and a fit was performed to the data showing that a peak is at H ∗ = 2853 Oe for the 5µm and H ∗ = 2850 for
the 10 µm images. Once the peak was determined for this sample the results were compared to those that
were produced when a descending series of magnetization loops were applied. We are looking for a biased
behavior depending on the direction the series is applied.

Figure 1: Magnetization and imaging of Co(4Å)/ Pt (7Å) with density plot (A): A selection of magnetization
loops above and below saturation showing the positive half. (B): 5 µm magnetic images captured using
MFM corresponding after each of the loops seen in A. (C): A plot of the number of domains in each image
for the entire series, normalized to 100 µm2 and plotted as a function of the magnetic field

Figure 2: Density plots and peak analysis: (A): 10 µm image density plot with a fit applied to the peak region
to determine optimal applied magnetic field. (B): Normalized 5 µm with same peak analysis performed to
compare results.
After we determined the peak when applying a ascending series, we looked at if a bias was created
with respect to a descending series. The domains densities for each series were plotted to see how well
they overlapped and the proximity of the two peaks, these results can be seen in Figure 3. The peak of the
descending series was determined to be H ∗ = 2891 Oe, which is somewhat higher than what was recorded
in the ascending series by approximately 50 Oe.

Figure 3: Overlapping domain density plots for ascending and descending series and peak analysis: (A):
The two series were plotted together to show similar features. (B): The Descending series peak was also
analyzed to compare to the ascending series.

3.2

Domain Period

Using the images for each of the field values that was applied, we were able to take the 2D Fourier Transform to study how the domain period and width changed as a function of the previously applied field.
Images in Figure 3 show the frequency space of the image. The radius of the bright ring corresponds to the
periodicity of the domains in the magnetic domain image. A perfectly circular ring indicated an isotropic
arrangement of the domains which is expected for a material with PMA. A few images showed a deviation
from this isotropic behavior which might relate to an in plane magnetic field. The pixel sizer in the FT
image then corresponds to a distance in real space giving us the precise period that is seen in our sample.
This information shows us that the domains width of the 4Å sample is Wd ≈ 210/2 nm.The data appears to
be very noisy but this comes from the very small fluctuation in the domain period, and a lack of very hight
accuracy that comes from each pixel corresponding to a jump in period and not a continuous measurement.
Interestingly there appears to be a small peak around the saturation point which amounts to less than a 10%
increase in the domain period.

Figure 4: Domain periodicity analysis. (A): a two dimensional Fourier transform of the magnetic domain
images. (B): x and y period were recorded and plotted for each of the previously applied magnetic fields.

3.3

Field Pumping

After we determine the optimal field value for peak domain density, we attempted to further increase the
domain density but applying successive loops at the optimal field value. The same loop was applied five
times at H ∗ = 2850 and the results were analyzed to show how the domain density changed for each loop
that was applied. Figure 4 shows how the number of domains changes after each loop was run. These

results show no observed incline in the number of domains, but the sample remains in a state with a greater
number of reverse domains than aligned domains.

Figure 5: Results from field pumping at a magnetic field value of H ∗ = 2850 Oe. (A): Domain density after
each loop was applied analyzed from the 5 µm images after normalization. (B): Same plot is shown but
for the larger 10 µm images. (c): Images of the first loop and last loop to see an observable decline in the
domain density.

3.4

In-Situ domain densities

After the pumping study was completed and the sample was demagnetized an in-situ study was performed
using the MFM altering the stage configuration to allow for a magnetic field to be applied while images
were being taken. Four separate loops were run with maximum values of Hm = 1000, 2000, 2500, and 3500
Oe respectively. The sample appeared to be magnetically saturated after the field was increased to 2500
Oe, which is lower than the hysteresis curve suggests. With such small image size it is possible that reverse
domains are still present else where in the sample. The calibration method used also relied on a probe
that was thicker than our sample which may have underestimated the magnetic field that the sample was
exposed to. The calibration also showed discrepancies in the height and magnetic field value which might
mean that the sample was probably not always perfectly centered and at the location of the probe. The
calibration can be seen in Figure 8. The results of the 2500 Oe loop are shown in Figure 6. For this loop, at
the point of saturation, the domains have all disappeared in the frame of view so we see a continuous dark
color. Initially the domains are in a stripe configuration but as the field is increased the domains begin to
fracture forming a more mixed stripe and bubble pattern until at a hight enough field the domains shrink to
complete bubbles. Domain density peaks at about 1300 domains/ 100 µm2 . When the field is decreased the
domains begin to nucleate initially forming sparse long stripes. At remanence ( or as close to it as possible)
the domains return to a higher density but do not form a peak.

Figure 6: In-situ study and set up. (A): The set up used in place of a normal stage on the AFM in order to
apply a magnetic field during imaging. (B): A collection of a few images taken at several different applied
field values increasing and then decreasing in magnitude. (C):A 2600 Oe magnetic loop that was applied,
recorded using a VSM. (D): A hysteresis loop that was recreated by plotting the net magnetization as a
function of the magnetic field. (E): The domain count for each of the images captured along the applied
loop.

Figure 7: In situ study of a 1000 Oe minor loop. (A): A selection of images increasing and then decreasing
in the magnetic field that was applied. (B) The plotted density as a function of the magnetic field. (C) A
hysteresis produced at the VSM of the name magnitude.
Of the four loops that were applied two of them were minor loops and the 1000 Oe loop study is shown
in Figure 7. These results show an unexpected behavior with the domain reaching a bubble state at a fairly
low applied magnetic field. The domains appear to remain in a bubble state even when the magnetic field is
decreased to remanence. This suggests a calibration error with an underestimation of the applied magnetic
field.

Figure 8: A collection of the calibration used, multiple in-situ loops and their respective magnetization
loops. (A): This plot shows the calibration of the z-stage height in inches as a function of the magnetic field
that was recorded using a gauss meter. (B): Multiple domain density in-situ loops were plotted on top of
each other to show how these loops evolve as a function of the magnitude of the applied magnetic field.
(C): The magnetization loops corresponding to the plots in (B).

4

Conclusion

When the results from the ascending series and the descending series for the 4ÅCo are compared the peaks
seems to overlap fairly well. The features of these plots are very similar showing a plateau above the saturation point as well as similar trends before reaching the peak value. This behavior is expected because
a when a minor loop is applied the domains only begin to fracture and the domain density is expected to
return to a state close to that of the previous loop. Just below saturation the magnitude of the field is strong
enough to make a complete bubble pattern which serves as the nucleation sites of the domains when the
field is decreased. This leads to shorter stripe domains at remanence corresponding to a higher density.
Above saturation the sample has only one uniform domains and we expect returning the remanence the
domains will nucleate in a similar manner and the domain density will be much lower at remanence. The
actual peak, for the different series, is not at exactly the same magnetic field value, but within 50 Oe of
discrepancy meaning further studies will have to be performed for other thickness samples in order to determine whether or not the direction of the series actually has an impact on the location of the peak. If further
studies establish a trending bias, this will help determine the manner in which the magnetic field should be
applied to maximize the domain density.
When looking at the domain period as a function of the magnetic field it does seem that there is a small
peak near saturation which is the opposite of what might be expected considering this is near the peak domain density point. If this peak is accurate it might suggest that when the domains begin to fracture into
bubbles and the bubbles are a little wider than the width of the stripes. As stated before, the results are fairly
noisy and further studies will be necessary to determine if this behavior is accurate or arises from statistical noise. The peak we observe is less than a 10% increase which means the period remains nearly constant.
After pumping the sample at the magnetic field density peak five times it has become fairly clear that
the domain density cannot be increased any further, and in fact this procedure seems to reduce the number
of domains. Although we do observe a decline in the domain density after each loops is run we would like
to corroborate this results with other samples. It will also be useful to run more loops to see if the domain
density plateaus or continues to decline.
Being able to image the sample while a magnetic field is being applied helps to better understand the
evolution of the magnetic domains and how the magnetization of the sample behaves in a magnetic loop.
We were able to recreate the hysteresis loops, similar to those of the VSM, purely by plotting the net magnetization of the MFM image throughout the loop we applied. This study allowed us to see the fracturing
of the domains and the transition to a complete bubble state. Minor loops showed that the bubbles serve
as a nucleation site, and major loops showed spontaneous nucleation of long stripes. Both of these loops
showed fascinating results and help us to understand why the remanent domain density looks as it does.
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